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types" for engineering chimeric receptor protein ana- 
RETINOIC ACID KECEPTOR COMPOSITION logs. 

In an effort to overcome this lack of availability of 
ACKNOWLEDGMENT receptor protdns, U,S. Pat. No. 5,071,773 (U.S. Ser, 

^. . . J ..1. * ^5 No. 108,471), which has been assigned to the Salklnsti- 

This invention "«^^e with goy^^^^ tute for kological Studies, assign^of the present app^ 

under ^ ^^^^ National Institutes of Health ^^^^^ ^.^^^^^ ^j^^^^ ^^^^ ^ ^^^^^ ^^^^^ 

(Grant No. GM 26444). proteins, including glucocorticoid-, thyroid-, mincralo- 

RELATED APPLICATION corticoid- and new steroid-related receptors. U.S. Pat. 

^. . , r c XT n^^oA ^ 10 No. 5,071,773 (U.S. Ser. No. 108.471) further discloses 

rrV^'^''3'^TJi?iTr^^^^ ^^tailed biochemical characterization of these mole- 

U.S. Pat No. 4,981,784 filed Nov 30, 1988^ which m ^^^^ ^^^^ ^^^^^ ^^^p^^^ p^^^^j^ ^^^^ 

turn was a contmuation-m-part of U.S. Sen No, 128,331 ^.^^^^ ligand-binding domains. (Portions 

filed Dec. 2, 1987, now abandoned. ^ g Ser. No. 108,471 have been published; for por- 

FIELD OF THE INVENTION 15 tions relating to cloning of the glucocorticoid realtor 

and characterization of this molecule into discrete do- 
The present invention relates generally to ligand- ^^^^ ^ Hollcnbcrg. ct ai. (1985) and Giguere, «t al., 
responsive regulatory proteins and genes encoding ^^^gg^. ^^^^ ^^^^^^^ ^^^^ regarding receptors, see 
them. More particularly, the present invention relates to HoUenberg, ct al., (1987), Green, ct ai., (1986), Green 
retinoid related regulatory protems and genes encodmg a^d Chambon, (1987), Kumar, et al.. (1987), Miesfeld, et 
them, modification of these and other regulatory prote- ^ ^ jgg^^ (1988)). 

ms and genes by recombinant DNA and other genetic Further with regard to biochemical characterization 
engineering techniques, plus uses of the retmoid related receptors, sequence analysis of the human gluco- 

regulatory proteins and genes, both unmodified and corticoid receptor gene revealed homology with the 
modified. 25 product of the v-erb-A oncogene of avian erythroblas- 

In addition the invention relates to a novel method ^^jg (^gy) Weinberger, et al., (1985)). This 
for identifying functional ligands for hgand-responsive ^^^^^ ^^y^^^^ subsequently demonstrated the cellu- 
protems. This method is especially useful for identifying j^^j homolog of v-erb-A to be the beta thyroid hormone 
functional ligand(s) for newly discovered receptor pro- receptor (see Wcuiberger et al., (1986) and Sap, et al.. 
teins. The method is exemplified in part by showing that 3Q (i$86)), 

a vitamin A related morphogen, retinoic acid, is a func- discovery that the DNA-binding domain of the 

tional ligand for a newly discovered retinoid receptor steroid and thyroid hormone receptors is highly con- 
protein, served raised the question of whether this segment 
BACKGROUND OF THE INVENTION «^S^t be diagnostic for related ligand inducible tran- 

35 scnption factors. It also raised the question of whether 
A central problem in eukaryotic molecular biology the DNA sequences encoding these domains might be 
continues to be elucidation of molecules and mecha- ^^^^ hybridization probes to scan the genome for 
nisms that mediate specific gene regulation in response related, but novel, iigand-responsive receptors. Utiliz- 
to exogenous inducers such as hormones or growth i^g this approach, our group at the Salk Institute have 
factors. Although much remains to be learned about the 40 identified several new gene products. As is shown m 
specifics of such mechanisms, it is known that exoge- u.S. Ser. No. 108,471, one is the human aldosterone 
nous inducers such as hormones modulate gene tran- receptor (hMR, ATCC No. 67201) (see Arriza, ct al., 
scnption by acting in concert with intracellular compo- (1987) for the published version of this portion of U.S. 
nents. including intracellular receptors and discrete Pat No. 5,071,773 (U.S. Ser. No. 108,471); a second is a 
DNA known as hormone response elements or HRE's. 45 novel thyroid hormone receptor expressed at high lev- 
More specifically, it is known that hormones like the els in the rat central nervous system (rTR alpha, /^TCC 
glucocorticoid and thyroid hormones enter cells by No. 67281) (see Thompson, et al, (1987) for the pub- 
facilitated diffusion. It is also known that the hormones Hshed version of this portion of U.S. Pat, No. 5,071,773 
then bind to specific receptor proteins, thereby creating (U.S. Ser. No. 108,471). 

a hormone/receptor complex. The binding of hormone 50 This disclosure describes the isolation and chaiacter- 
to the receptor is believed to uutiate an alosteric alter- ization of a cloned full-length cDN A encoding a novel 
ation of the receptor protein. As a result of this alter- retinoid receptor protein with homology to the DNA- 
ation, it is believed that the hormone/receptor complex binding and ligand-binding domains of the steroid and 
is capable of binding with high affinity to certain spe- thyroid hormone receptors. In addition the construe- 
cific sites on the chromatin DNA. Such sites, which are 55 tion and characterization of chimeric receptors made by 
referred to in the art by a variety of names, including "swapping** functional domains between the glucocor- 
hormonc response elements or HRE*s, modulate exprcs- ticoid, the mineralocorticoid, the thyroid, the cstrogen- 
sion (transcription of RNA) of nearby target gene pro- related, and the retinoic acid receptors is described, 
moters. These chimeric receptors have hybrid functional char- 

A major obstacle to further understanding the specif- 60 acteristics based on the "origin** of the "pai^ental" 
ics of gene regulation by exogenous inducers such as DNA-binding and ligand-bindmg domains incorporated 
hormones has been the lack of availability of receptor within the chhneras. For example, if the DNA-binding 
proteins in sufficient quantity and purity to allow such domain in the chimeric receptor is a retinoic acid recep- 
proteins to be adequately analyzed and characterized. tor DNA-binding domain (i.e., is obtained froni wild- 
This same lack of availability has thwarted the use of 65 type retinoic acid receptor or is a mutant that contains 
receptors in diagnostic assays to determine the presence the functional elements of retinoic acid DNA-bmding 
of exogenous inducers (e.g., the hormones) in various domain), then the chimera will have DNA-binding 
body fluids and tissues, as well as their use as "proto- properties characteristic of a retinoic acid receptor. The 
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same is true of the ligand-binding domain. If the ligand- v-erb-A, retinoic acid and E75 (Drosophilia) receptors, 

binding domain in the chimeric receptor binds to thy- See Evans (1988) and the references cited therein, 

roid hormonCj then the chimera will have ligand-bind- As used herein, RR and RAR both mean retinoic acid 

ing properties characteristic of a thyroid hormone re- receptor. The acronyms, hRR and hRAR, mean human 
ceptor. 5 retinoic acid receptor. The DNA referred to as 

This disclosure also describes a new method for iden- phRARa codes for human retinoic acid receptor alpha, 

tifying functional ligands for ligand-responsive receptor hRARa is encoded by deposited phRARl which has 

proteins. The method is illustrated by showing (I) that been accorded ATCC No. 40392. Tlie DNA referred to 

the retinoid, retinoic acid and its metabolic precurser, as hRAR0 encodes human retinoic add receptor beta, 
retinol; are functionalligands for the newly discovered 10 See Brand et a!., (1988). 

receptor protein, and (2) that the DNA- and ligand- As used herein, GR means glucocorticoid receptor, 

binding domains determine the functional characteris- The DNA referred to as hGR codes for human gluco- 

tics of the chimeric receptors. corticoid receptor GR. hGR is encoded by deposited 

BRIEF DESCRIPTION OF THE DRAWINGS „ PRfGR which has been accorded ATCC No 67200. 
A^xxxj^A ^^^wvAj. * i^ixrt Tf xi^w^ J 5 jjggjj herem, MR means mmeralocorticoxd recep- 

The following is a brief description of the drawings. tor. The DNA referred to as hMR codes for human 
More detailed descriptions are found in the section of mineralocorticoid receptor MR. hMR is encoded by 
the specification labeled, "Detailed Description of the deposited pRShMR which has been accorded ATCC 
Drawings", No. 67201. 

FIG. 1 (A and B) is a drawing which shows the DNA 20 As used herein, TR means thyroid receptor* TRalpha 
nucleotide sequence and the primary protein sequence and TRbeta refer to the alpha and beta forms of the 
of phRARa. FIG. lA shows the composite structure of thyroid receptor. The DNA's referred to as c-erb-A, 
phRARa aligned with a line diagram of some restric- herb-A 8.7, peAlOl, rbeA12, and hFAS all code for 
tion endonuclease cleavage sites. FIGS. lB-1. lB-2 and thyroid receptors. Plasmid pherb-A 8.7 encodes hTRa; 
lB-3 show the complete nucleotide sequence of 25 it has been deposited for patent purposes and accorded 
phRARa and its primary amino acid sequence. ATCC No. 40374. Plasmid peAlOl encodes hTR;3; it 

FIG. 2 (A and B) is composed of a drawing and a has been deposited for patent purposes and accorded 
blot. FIG. 2 A is a drawing which illustrates construe- ATCC No. 67244. Plasmid rbeA12 encodes rTRa; it 
tion of the chimeric receptor hRGR. FIG. 2B is a blot has been deposited for patent purposes and accorded 
which illustrates induction of CAT activity by retinoic 30 ATCC No. 67281. Plasmid phFA8 encodes a partial 
acid. clone of hTRa that has a deletion in the '*ligand-bind- 

FIG. 3 (A and B) is composed of two graphs. FIG, ing" region of the clone (i.e., the DNA that codes for 
3A is a graph illustrating dose-response to retinoids. the carboxy terminal end of the receptor protein). Plas- 
FIG. 3B is a bar graph illustrating retinoic acid binding mid phFA8 has been accorded ATCC No. 40372. 
to cytosol extracts of transfected COS-1 cells. 35 As used herein, ERR means estrogen-related rccep- 

FIG. 4 (A and B) shows a Southern blot analysis of tor. The acronyms, hERRl and hERR2 refer to human 
human genomic DNA. FIG. 4A shows digested human estrogen-related receptors 1 and 2. These receptors are 
placenta DNA hybridized under stringent conditions; more related to steroid receptors than to the thyroid 
FIG. 4B shows the same DNA hybridized under non- receptors, yet they do not bind any of the major classes 
stringent conditions, 40 of known steroid hormones (Giguere, et al, 1988). 

FIG. 5 shows a Northern blot analysis of retinoic acid hERRl is encoded by deposited plasmids pE4 and 
receptor mRNA in rat and human tissues. pHKA, which have been accorded ATCC Nos. 67309 

FIG. 6 is a schematic drawing which shows a com- and 67310, respectively. (Neither pE4 or pHKA are 
parison of hGR, hRR and hTsRjS. complete clones; hERRl is constructed by joining seg- 

FIG. 7 is a schematic diagram of a generalized ste- 45 ments from both clones.) hERR2 is encoded by depos- 
roidthyroidretinoic acid receptor gene. ited plasmid phH3 which has been accorded ATCC No. 

FIG. 8 (1 and 2) is a schematic drawing that shows 40373. 
amino acid comparison of members of the steroid hor- As used herein, VDR means vitamin D3 receptor, 
mone receptor superfamily. As used herem, MTV means mammary tumor virus; 

FIG. 9 is a schematic drawing that shows the struc- 50 MMTV means mouse mammary tumor virus, 
ture and activity of chimeric thyroid/glucocorticoid As used herein, RSV means Rous sarcoma virus; SV 
receptors, means Simian virus, 

DEFINITIONS herein, CAT means chloramphenicol acetyl- 

transferase. 

In the present specification and claims, reference will 55 As used herein, luciferase means firefly ludferase, 
be made to phrases and terms of art which are expressly See, de Wet, I. R., Wood, K, V., DeLuca, M., Helinski, 
defined for use herein as follows: D. R., and Subramani, S,, MoL Cell, Biol. 7: 725-737 

As used herein, the generic term "retinoids" means a (1987). 
group ofcompounds which includes retinoic acid, vita- As used herein, COS means monkey kidney cells 
min A (retinol) and a series of natural and synthetic 60 which express T antigen (Tag)* See Gluzman, Cell, 
derivatives that can exert profound effects on develop- 23:175 (1981). COS cells are receptor-deficient cells that 
ment and differentiation in a wide variety of systems. are useful in the functional ligand identification assay of 

As used herein, species are identified as follows; h, the present invention, 
human; r, rat; m, mouse; c, chicken; and d, Drosophilia. As used herein, CV-1 means mouse kidney cells from 

As used herein, "steroid hormone superfamily of 65 the cell line referred to as "CV-1". CV-1 is the parental 
receptors" refers to the class of related receptors com- line of COS, Unlike COS cells, which have been trans- 
prised of glucocorticoid, mineralocorticoid, progester- formed to express SV40 T antigen (Tag), CV-1 cells dO' 
one, estrogen, estrogen-related, vitamin D3, thyroid, not express T antigen. CV-1 cells are receptor-deficient 
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cells that are also useful in the functional ligand identifi- 
cation assay of the present invention. 

As used herein, the generic terms of art, "hormone 
response elements" or "HRE*s", "transcriptional con- 
trol units", "hormone responsive promoter/enhancer 
elements", "enhancer-like DNA sequences" and "DNA 
sequences which mediate transcriptional stimulation", 
all mean the same thing, namely, short cis-acting se- 
quences (about 20 bp in size) that are required for hor- 
monal (or ligand) activation of transcription. The at- 
tachment of these elements to an otherwise hormone- 
nonresponsive gene causes that gene to become hor- 
mone responsive. These sequences, referred to most 
frequently as hormone response elements or HRE*s, 
function in a position- and orientation-independent fash- 15 
ion. Unlike other enhancers, the activity of the HRE's is 
dependent upon the presence or absence of ligand. (See 
Evans (1988) and the references cited therein.) In the 
present specification and claims, the phrase "hormone 



receptor protein/ligand complex) and the reporter gene 
is capable of being expressed in the host cell. The phrase 
"functionally linked" means that when the DNA seg- 
ments are joined, upon appropriate activation, thci re- 
5 porter gene (e.g., CAT or luciferase) will be expressed. 
This expression occurs as the result of the fact thai the 
"ligand responsive promoter" (which is downstream 
from the hormone response element, and "activated" 
when the HRE binds to an appropriate iigand/reccptor 
10 protein complex, and which, in turn then "controls" 
transcription of the reporter gene) was "turned on" or 
otherwise activated as a result of the binding of a ligand- 
/rcceptor protein complex to the hormone response 
element. 

As used herein, the phrase "DNA-binding domiam" 
of receptors refers to those portions of the receptor 
proteins (such as glucocorticoid receptor, thyroid re- 
ceptor, mineralocorticoid receptor, estrogen-related 
receptor and retinoic acid receptor) that bind to HKE 



response element" is used in a generic sense to mean and 20 sites on the chromatin DNA. The boundaries for these 



30 



35 



embody the functional characteristics implied by all 
terms used in the art to describe these sequences. 

As used herein, synthetic HRE*s refer to HRE's that 
have been synthesized in vitro using automated nucleo- 
tide s>*nthesis machines. Since the HRE's are only about 25 
20 bp in size, they are easily synthesized in this manner. 
If wild-type, engmeered or synthetic HREs are linked 
to hormone-nonresponsive promoters, these promoters 
become hormone responsive. See Evans (1988) and the 
references cited therein. 

As used herein, the acronym GRE means glucocorti- 
coid response element and TRE means thyroid receptor 
response element. GRE*s are hormone response ele- 
ments that confer glucocorticoid responsiveness via 
interaction with the GR. See Payvar, et al.. Cell, 35:381 
(1983) and Schiedereit, et al., Nature, 304:749 (1983). 
GRE's can be used with any wild-type or chimeric 
receptor whose DNA-bmding domain can functionally 
bind (i.e., activate) with the GRE. For example, since 
GR, MR and PR receptors can all activate GRE's, a 40 
GRE can be used with any wild-type or chimeric recep- 
tor that has a GR, MR or PR-type DNA-binding do- 
inain. TRE's are similar to GRE*s except that they 
confer thyroid hormone responsiveness via interaction 
with TR. TRE*s can be used with any wild-type or 45 
chimeric receptor whose DNA-binding domain can 
functionally bind (i.e*, activate) with the TRE. Both TR 
and RR receptors can activate TRE's, so a TRE can be 
used with any receptor that has a TR or RR-type DNA- 
binding domain. 

As used herein, ligand means an inducer, such as a 
hormone or growth substance. Inside a cell the ligand 
bmds to a receptor protein, thereby creating a ligand- 
/receptor complex, which in turn can bind to an appro- 
priate hormone response element Single ligands may 55 
have multiple receptors. For example, both the T^Ka 
and the TaR^ bind thyroid hormone such as T3. 

As used herein, the word "operative", in the phrase 
"operative hormone response element functionally 



DNA-binding domains have been identified and chiurac- 
terized for the steroid hormone superfamily. See 'FIG. 
8; also see Giguere, et al., (1986); Hollenberg, et al., 
(1987); Green and Chambon (1987); and Miesfield, et 
aL, (1987), Evans (1988). 

The boundaries for the DNA-binding domains for 
various steroid hormone superfamily receptors are 
shown in FIG. 8-1; the boundaries are as follows: 



— hGR (pRShGR): 


nuciBotide 1393 to 1590 


amino add 421 to 486 




(Sec ATCC #67200) 


— hTRb (pcAlOI): 


nucicoiide 604 to 807 


amino xcid 102 to 169 




(See ATCC #67244) 


— hTRa (phcrb-AS,?): 


nucleotide 168 to 372 




txnino acid SO to 117 




(See ATCC #40374) 




amino add 291 to 358 




(See ATCC #67281) 


-ERRl (pE4 & pHKA): 


amino acid 176 to 241 




(See ATCC #67309 & #67310) 


— ERR2 (phH3): 


amino acid 103 to 16S 




See ATCC #40373) 


— hMR (pRShMR): 


nucleotide 2029 to 2226 


amino acid 603 to 568 




(Sec ATCC #6720!) 


— hRARa (phRARl): 


nucleotide 364 to 561 


amino acid 8S to IS3 




(See ATCC #40392) 



The DNA-binding domains of the steroid hoimone 
50 superfamily of receptors consist of an amino segment 
varying between 66 to 68 amino acids in length.. The 
segment contains 9 cysteine residues^ one of wMch is 
the first amino acid of the segment. This first Cys resi- 
due begms a motif described as Cys-Xz-Cys-Xia-i^-Cys- 
X2-Cys, where X is any amino acid residue. The DNA- 
binding domain invariably ends with the antiino acids 
Gly-Met 

For convenience in the cloning procedure, between 1 



and 6 amino add residues preceding and/or following 
linked to a ligand-responsive promoter and an operative 60 the DNA-binding domain can be switched along with 
reporter gcne*% means that the respective DNA sequen- the DNA-binding domain, 



ccs (represented by the terms *'hormone response ele- 
ment", **ligand-rcsponsive promoter" and "reporter 
gene") are operational, i.e., the hormone response ele- 
ment can bind with the DNA-binding domain of recep- 
tor protein (either wild-type or chimeric)^ the ligand- 
responsive promoter can control transcription of the 
reporter gene (upon appropriate activation by a HREA 



As used herein, the phrase "ligand-binding domain 
region" of receptors refers to those portions of Ithc re- 
ceptor prot«ns that bind to ligands such as growth 
65 substances or hormones. These boundaries of the li- 
gand-binding domains for the steroid receptor super- 
family have been identified and characterizal. See 
FIGS. 8-1 and 8-2 and Evans (1988). 
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The ligand-binding domains for the various receptors 
are shown in FIG. 8-1; some of those domains are as 
follows: 
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— hGR (pRShGR): 






(See ATCC #67200) 


— hTRb (pcAlOl): 


amino add 232 to 456 




(S«e ATCC #67244) 


— hTRa (pherb-A8.7): 


amino add 1S3 to 410 




(See ATCC #40374) 


— rTR (rbeA12) 


amino add 421 to 639 


-ERR!(pE4&pHKA): 


(See ATCC #67281) 


amino acid 295 to 521 




(See ATCC #67309) 


-ERR2 (phH3) 


amino acid 212 to 433 




(See ATCC #40373) 


— hMR (pRShMR): 


amino acid 734 to 984 




(See ATCC #67201) 


-hRARa(phRARl): 


amino add 198 to 462 




(See ATCC #40392) 
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Common restriction endonuclease sites must be intro- 20 
duced into receptor cDNA clones to allow exchange of 
functional domains between receptors. In any of the 
various receptors referred to in FIGS. 8-1 and 8-2, the 
first common site can be introduced immediately pre- 
ceding the DNA-binding domain, the second common 25 
site immediately following it. (For example, in any of 
the steroid hormone superfamily of receptors that are 
shown in FIGS. 8-1 and 8-2, a unique NotI site can be 
introduced immediately preceding the DNA-binding 
domain and a unique Xhol site can be introduced imme- 30 
diately followmg it This divides the receptors into 
three functional regions or "cassettes"; (1) an N-ter- 
minus cassette, (2) a DNA-binding domain cassette, and 
(3) a ligand-binding domain cassette. The three regions 
or cassettes from any one receptor can be combined 35 
with cassettes from other receptors to create a variety 
of chimeric receptors. 

As used herein, the nomenclature used to identify the 
chimeric receptors is as follows: The various functional 
domains (N-terminus, DNA-binding and ligand-bind- 40 
ing) are identified according to the "parental" receptor 
from which they originated. For example, domains 
from GR are "G" domains; TR domains are "T" do- 
mains (unless otherwise further specified as being "To** 
or "T^" domains); MR domains are "M" domains; RAR 45 
domains are "R" domains ( unless otherwise further 
specified as being "Ra" or "R^" domains), and ERR 
domains are **E" domains (unless otherwise specified as 
being **Ei" or "Ea" domains). According to this nota- 
tion, unless otherwise specified, "T' is used generically 50 
to mean either the TaRa or the TsR^g receptors; "E** 
means either hERRl or hERR2; and "R** means either 
the RARa or the RAR^ receptors* Wild-type receptors 
do not contain any exchanged domains, and so accord- 
ing to this notation system would be identified as 55 
G-G-G (or GGG), Ta-Ta-Ta(or TaT^Ta), Tb-Tb'Tb(oT 
TbTbTbl M-M-M (or MMM), KrR^R^ (or R^RaRa), 
R^Rfr-Rft (or RbRb^bl Ei-Ej-Ei or E2-E2-E2, where 
the first domain listed is the N-terminus domain, the 
middle domain is the DNA-binding domain, and the last 60 
domain is the ligand-binding domain. Any chimeric 
receptor will have functional domains from at least two 
wild-type or parental sources. For example, the chime- 
ric receptor GGR<r would have N-termimus and DNA- 
binding domains from glucocorticoid receptor and the 65 
ligand-binding domain from the alpha retinoic acid 
receptor; GT^R^ would have the N-terminus from glu- 
cocorticoid, the DNA-binding domain from thyroid 



receptor alpha and the ligand-binding domain from 
retinoic acid receptor beta. 

As used herein, hGRAx hTRjSAx and hRR^ refer 
to hGR, hTRP and hRR receptors that have been engi- 
neered to contain the unique sites for Notl and Xhol 
flanking the boundaries for the DNA-bindmg domains 
in these receptors. These mutant receptors exemplify 
construction of hybrid receptors that are comprised of 
all possible combinations of amino termini, DNA-bind- 
ing domains, and Hgand-binding domains from hGR, 
hMR, hERRl, hERR2, hTRa, hTR/5, rTRo, hRARa, 
and hRARiS. 

As used hereto, Southern blot analysis refers to a 
procedure for transferring denatured DNA from an 
agarose gel to a nitrocellulose filter where it can be 
hybridized with a complementary nucleic acid. 

As used herein. Northern blot analysis refers to a 
technique for transferring RNA from an agarose gel to 
a nitrocellulose filter on which it can be hybridized to 
complementary DNA. 

As used hereto, "mutant" DNA of the invention re- 
fers to DNA which has been genetically engineered to 
be different from the "wild-type" or unmodified se- 
quence. Such genetic engineering can mclude the mser- 
tion of new nucleotides mto wild-type sequences, dele- 
tion of nucleotides from wild-type sequences, substitu- 
tion of nucleotides to the wild-type sequences, or 
"swappmg" of functional domains from one receptor to 
another. Receptors that have been engineered by 
"swapping*' functional domatos from one receptor to 
another are also referred to as chimeric or hybrid recep- 
tors. Chimeric receptors can be further engtoeercd to 
mclude new nucleotides, deletion of nucleotides, substi- 
tution of nucleotides, etc. 

Use of the term "substantial sequence homology" to 
the present specification and claims means it is totended 
that DNA, RNA, or ammo acid sequences which have 
slight and non-consequential sequence variations from 
the actual sequences disclosed and claimed hereto are 
withm the scope of the appended claims. In this regard, 
the "slight and non-consequential'* sequence variations 
mean that the homologous sequences will function to 
substantially the same manner to produce substantially 
the same compositions as the nucleic acid and ammo 
acid compositions disclosed and claimed herein. 

As used herein, the term "recombtoantly produced'* 
means made ustog genetic engtoeering techniques, not 
merely purified from nature. 

The ammo acids which comprise the various ammo 
add sequences appearing hereto may be identified ac- 
cordtog to the followmg three-letter or one-letter ab- 
breviations: 



Amino Acid 



Three-Letter 
Abbreviation 



One-Letter 
Abbreviation 



L • Alanine 
L- Arginine 
L - Aspai^gine 
L - Aspajtic Add 
L - Cysteine 
L • Glutamine 
L - Glutainic Acid 
-Histidine 

• Isoleucine 

• Leucine 

- Lysine 

- Methionine 

• Phenylalanine 
L • Proline 

L - Serine - 



L- 
L. 
L- 
L- 
L- 
L- 



Ala 
Arg 
Asn 
Asp 
Cys 
Gin 
Gin 
His 
He 
Leu 
Lys 
Met 
Phc 
Pro 
Ser 



A 
R 
N 
D 
C 

Q 
E 
H 
I 
L 
K 
M 
F 
P 
S 



9 

-continued 
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Three-Letter 


One-Letter 


Amino Acid 


Abbreviation 


Abbreviation 


L • Threonine 


Thr 


T 


L - Tryptophan 


Trp 


W 


L - Tyrosine 


Tyr 


y 


L- Valine 


Val 


V 


L - Glycine 


Gly 


G 



The nucleotides which comprise the various nucleo- 
tide sequences appearing herein have their usual single- 
letter designations (A, G, T, C or U) used routinely in 
the art. 

As used herein, bp means base pairs and kb means 
Idlobase pairs. 

In the present specification and claims, the Greek 
letters alpha (a), beta 03). etc. are sometimes referred to 
as a« b, etc. 
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20 



capable of being expressed into retinoic add receptor 
protein. 

In another aspect, the invention comprises a single- 
stranded DNA, which is the sense strand of a doiibk- 
stranded DNA coding for retinoic acid receptor pro- 
tein, and an RNA made by transcription of this double- 
stranded DNA. 

In another aspect, the invention comprises a plasmid, 
phRARI, which contains DNA coding for a retinoic 
acid receptor protein of the present invention (RARa). 
This plasmid has been deposited with the American 
Type Culture Collection for patent purposes; it has ibeen 
accorded ATCC No. 40392. 

In still another aspect, the invention comprises a cell, 
preferably a mammalian cell, transformed with a DNA 
coding for retinoic acid receptor protein. According to 
this aspect of the invention, the transforming DNA is 
capable of being expressed in the cell, thereby increas- 
ing the amount of retinoic acid receptor, encoded by 
this DNA, in the cell. 

Further the invention comprises novel retinoic acid 
receptors made by expression of a DNA coding for 
retinoic acid receptor or translation of an mRNA tran- 
scribed from such a retinoic acid receptor coding DNA. 
According to this aspect of the mvention, the retfjioic 
acid receptors will be protein products of **unmodified** 
retinoic acid coding DNA*s and mRNA's, or will be 
modified or genetically engineered retinoic acid recep- 
tor protein products which, as a result of engineered 



Plasmids pRShGR (hGR), pRShMR (hMR), peAlOl 
(hT3^) and GMCAT^ all of which are in K coli HBlOl, 
plus plasmids rebA12 (rTRa), pE4 and phKA (which 
together encode hERRl), phH3 (hERR2), pherb-A 8.7 25 
(hTRa), phFA 8 (a partial clone of hTRa), and plasmid 
phRARI have been deposited at the American Type 
Culture Collection, Rockville, Md., U.S.A. (ATCC) 
under the terms of the Budapest Treaty on the Interna- 
tional Recognition of Deposits of Microorganisms for 30 mutations in the receptor DNA sequences, will have 
Purposes of Patent Procedure and the Regulations pro- one or more differences in amino acid sequence from 
mulgated under this Treaty. Samples of the plasmids are the corresponding naturally occurring **wild-type" reti- 
and will be available to industrial property offices and noic acid receptor proteins. Preferably these retinoic 
other persons legally entitled to receive them under the acid receptors, whether "unmodified" or "engmcered" 
terms of said Treaty and Regulations and otherwise in 35 
compliance with the patent laws and regulations of the 
United States of America and all other nations or inter- 
national organizations in which this application, or an 
application claiming priority of this application, is filed 



will have at least about 5% of the retinoic acid binding 
activity and/or at least about $% of the DNA-binding 
or transcription-activating activity of the corresponding 
naturally occurring retinoic add receptor. 
Further the invention comprises chimeric receiptors 



or in which any patent granted on any such application 40 made by exchanging the functional domains of one 



is granted. 

The ATCC Deposit Numbers and Deposit Dates for 
the deposits are as follows: 



pRShGR (hGR) 


67200 


Sept 9, 1986 


pRShMR (hMR) 


67201 


Sept. 9, 1986 


pE4 (hERRl*) 


67309 


Jan. 30, 1987 


phHKA 0»ERR1*) 


67310 


Jan. 30, 1987 


phH3 (hERR2) 


40373 


Sept 29. 1987 


GMCAT (reporter) 


67282 


Dec. 18, 1986 


pherb-A 8.7 (hTRa) 


40374 


Sept 29, 1987 


phFA 8 (hTRa*) 


40372 


Sq>t 29, 1987 


peAlOl (hTRb) 


67244 


Oct. 22, 1986 


prbcA12 (rTRa) 


67281 


Dec 18, 1986 


phRAR* (hRARa) 


40392 


Nov. 20, 1987 



45 



(*aietiu a (larlUl clone) 

(pB4 ft phHKA together encode complete hERRI) 



SUMMARY OF THE INVENTION 

In one aspect, the present invention comprises a dou- 
ble-stranded DNA segment wherein the plus or sense 
strand of the segment contains a sequence of triplets 
coding for the primary sequence of a protein which has 
ligand-binding and DNA-binding (or transcription- 
activating) properties characteristic of a retinoid recep- 62 
tor protein referred to herein as human retinoic acid 
receptor protein. According to this aspect of the inven- 
tion, the double-stranded DNA segment is one which is 



receptor with functional domains of another type. The 
chimeric DNA's thus produced encode chimeric r<5cep- 
tor proteins that have functional characteristics based 
on the "origin" of their respective DNA- and ligand- 
binding domains. The chimeric receptors of the inven- 
tion include double-stranded DNA's that code for the 
chimeric receptors, as well as single-stranded DNA*s 
which are the sense strands of the double-stranded 
DNA's, and mRNA's made by transcription of the dou- 
50 ble-stranded DNA's. The invention also comprises 
cells, both eukaryotic and prokaryotic, that are trans- 
formed with chimeric receptors encoding DNA's c»f the 
invention. 

According to the chimeric receptor aspect of the 
invention, to effect the chimeric DNA fUsions, two 
restriction cndonuclease sites are introduced into each 
receptor cDNA at comparable locations in or near the 
DNA-binding domains in order to divide the receptor 
DNA's into three functional domains or regions. (For 
60 example, a unique NotI site can be introduced immedi- 
ately preceding the DNA-binding domain and a unique 
Xhol site can be introduced immediately following it 
This divides the receptors into three functional rCjgions 
or "cassettes"; (1) an N-terminus cassette, (2) a DNA- 
binding domain cassette, and (3) a ligand-binding do- 
main cassette. The three regions or cassettes from any 
one receptor can be combined with cassettes from other 
receptors to create a variety of chimeric receptors. This 



55 
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aspect of the invention is illustrated in the section of the another receptor protein, e.g., glucocorticoid receptor 

specification labeled ''Detaiied Description of the In- protein, thyroid receptor protein, mineralocorticoid 

vention".) receptor protein or retinoic add receptor protein. Next 

In the present specification and claims, the chimeric a suitable receptor-deficient host cell is transfected 
receptors (referred to also as chimera or hybrids) are 5 with: (1) the chimeric receptor gene, which is prefera- 
named by letters referring to the origin of the various bly carried on an expression plasmid, and (2) a reporter 
domains. Domains from hGR are referred to as "G** gene, such as the CAT gene or the firefly luciferase 
domains, domains from hTR are "T** domains, domains gene, which is also preferably carried on plasmid, and 
from hERR are "E** and domains from hRR are "R" which is referred to in U.S. Ser. No. 108,471 as a re- 
domains. For example, the chimeric receptor **RGR" 10 porter plasmid. In any case, the reporter gene is func- 
faas the amino and carboxyl termini of hRR and the tionally Imked to an operative hormone response eie- 
DNA-binding domain of hGR; the chimeric receptor ment (HRE) (either wild-type or engineered) wherein 
'TGG"^ has the amino terminus from hTR, and the the hormone response element is capable of being acti- 
DNA-bindingand carboxyl terminus from hGR. (In the vated by the DNA-binding domain used to make the 
diagram shown in FIG. 7, the amino terminus of the 15 chimeric receptor gene. (For example, if the chimeric 
receptor is referred to domain A/B and the carboxyl receptor gene contains the DNA-binding domain re- 
terminus is referred to as domain E.) gion from glucocorticoid receptor coding DNA, then 

According to the notation used in the specification the HRE should be a wild*type, an engineered, or a 

and claims, unless otherwise specified, **T" is used ge- synthetic GRE, i.e., one that can be activated by the 

nerically to mean either the TjRa or the TaR^ receptor; 20 operative portion of the DNA-binding region of a glu- 

••E" means either hERRl or hERR2; and "R" means cocorticoid receptor protein. If a thyroid receptor 

cither the RARa or the RAP/3 receptor. DNA-binding domain region is used, then the wild-type 

Chimeric receptors of the invention include chimera or engineered HRE should be responsive to a thyroid 
having (1) an N-terminus domain selected from the (or retinoic acid) receptor protein, etc.) Next (he trans- 
group of wild-type receptors consisting of hGR, hMR, 25 fected host cell is challenged with a battery of candidate 
hERRi, hERRl, rTRa, hTja, hTs^, hRARa and ligands which can potentially bind with the iigand-bind- 
hRAR)3, (2) a DNA-binding domain selected from the ing domain region of the chimeric protein coded for by 
group of wild-type receptors consisting of hGR, hMR, the chimeric gene. To detenmne which of these ligands 
hERRl, hERRl, rTRa, hTaa, h7$fit hRARa and can functionally complex with the chimeric receptor 
hRAR^, and (3) a iigand-binding domain selected from 30 protein, induction of the reporter gene is monitored by 
the group of wild-type receptors consisting of hGR, monitoring changes in the protein levels of the protein 
hMR. hERRl, hERRz, rTRa, hTja, hT^p, hRARa codedforby the reporter gene. (For example, if lucifer- 
and hRAR^, wherein any one chimeric receptors will ase is the reporter gene, the production of luciferase is 
have N*terminus, DNA-binding, and Iigand-binding indicative of receptor-regulated gene transcription.) 
domains that originate from at least two different *Svild- 35 Finally, when a ligand(s) is found that can induce tran- 
type receptor" sources. scription of the reporter gene, it is concluded that this 

Preferred chimeric receptor DNA's of the invention ligand(s) can bind to the receptor protein coded for by 

include GRR, GRG, GGR, RGG, RGR, RRG, GTT, the initial sample DNA sequence. This conclusion can 

GTG, GGT. TGG, TGT, TTG, TTR, TRT, TRR, be further verified by testing the bmding properties of 

RTT, RTR, RRT, GTT, GTG, GGT, TGG, TGT, and 40 the receptor protein, coded for by the initial sample 

TTG receptor DNA's, plus the chimeric hybrid recep- DNA sequences, vis-a-vis the ligand(s) that induce ex- 
tor proteins made by expression of a chimeric DNA of pression of the reporter gene, 

the invention or translation of an mRNA transcribed As those skilled in the art will appreciate, if a cell 

from such a chimeric receptor coding DNA. Preferably already contains (a) a chimeric DNA sequence (C) 

these chimeric receptors will have activity that exceeds 45 comprised of (1) operative portions of a DNA-binding 

exogenous background binding or transcriptional acti- domain of a first receptor sequence 0-e., a first se- 

vation activity levels in any given cell, or will have at quence) linked to (2) operative portions of a iigand- 

Icast about 5% of the DNA-binding or transcription- binding domain of a second receptor sequence (Le., a 

activating activity of the corresponding naturally oc- second sequence), and (b) a reporter nucleic add se- 

curring receptor DNA-binding domain, and/or about 50 quence functionally linked to an operative hormone 

5% of the Iigand-binding activity of the corresponding response element wherein the operative portions of the 

naturally occurring Iigand-binding domain. DNA-binding domain of the first receptor sequence can 

The invention also comprises a method for identify- functionally bind to and activate the hormone response 

ing functional ligand(s) for receptor proteins. Accord- element that is functionally linked to the reporter se- 

ing to the method, DNA sequences (referred to herein 55 quence, then the method for identifying a functional 

as the sample sequences) can be isolated which code for Kgand for a receptor protein will be comprised of chal- 

rcccptor proteins and which have at least an operative lenging the cell with at least one candidate ligand and 

portion of a Iigand-binding domain and a DNA-binding then monitoring induction of the reporter sequence by 
domain. (As those skilled in the art will appreciate, not means of changes in the amount of expression product 

all of the DNA sequences in the Iigand-binding domains 60 of the reporter sequence. 

are necessary in order for the domains to be functional. The new functional ligand identification assay makes 

The operative sequences, i.e., those that must be present it possible to screen a large number of potential ligands 

if the domain is to bind ligand, can be identified by orany given receptors, regardless of whether the recep- 

ddetion studies on any given domain.) Once the sample tor is a wild-type receptpr or a chimeric one. 

DNA sequences are isolated, a chimeric gene can be 65 The functional ligand identification method is illus- 

created by substituting the DNA-binding domain re- trated herein by showing (1) that the retinoid, retmoic 

gion in the sample DNA sequence with a DNA-binding acid and its metabolic precurser, retinol, are functional 
domain region taken from a DNA sequence coding for ligands for the receptor protein coded for by phRARl 
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DNA, and (2) that tbe DNA- and ligand-binding do- an estrogen-dependent fashion (see Green, et al., 

mains determine the functional characteristics of the (1987)). This led us to wonder if a general domain-swap- 

chimeric receptors. ping strategy could be exploited to identify the lig<and- 

The new functional assay, as well as the new retinoic binding properties of a novel hormone receptor. To test 

acid receptor and the new chimeric receptors, are de- 5 this approach we first substituted the DNA-binding 

scribed more fully below. domain of the phRARI gene product with the well 

DESCRIPTION OF THE INVENTION described DNA-binding domam from the hGR (FIG, 

2A). (This chimeric construction, when expressed in 
The Retmoic Acid Receptor suitable host cells, produces a hybrid receptor protein 

In a contmuing effort to explore the steroid hormone whose ligand-binding domain region must bind with a 
receptor superfamily, advantage was taken of the fortu- functional exogenous ligand before the ligand/receptor 
itous identification of a novel genomic sequence with complex can bind to a GRE, thereby activating a gluco- 
striking homology to the DNA-binding domain of the corticoid inducible promoter.) 

steroid hormone receptors (see Dejean et al., 1986). To assay for the presence of a functional ligand the 
This sequence spans the integration site of a hepatitis B chimeric receptor gene was transfected into suiltable 
virus (HBV) from a human hepatocellular carcinoma. host cells along with a suitable GRE linked reporter 
To pursue the hypothesis that this gene might code gene. CV-1 cells were used for the assay along with a 
for a previously unknown receptor, an oligonucleotide MMTV-CAT reporter gene. (MMTV-CAT is cainried 
derived from this sequence was labeled and used to on reporter plasmid, GM-CAT, which has been dc:pos- 
probe a number ofhumancDNA libraries. Five positive 20 i^^^j American Type Culture Collection for 

clones were initially isolated from a testis cDNA li- patent purposes; see the section of this specific;ation 
brary. The insert from one ofthese clones (IhTlR) was labeled, "Deposits'*. As those skilled in the art will 
used to isolate additional cDNA clones from a XgtlO appreciate, reporter plasmids suitable for assaying hy- 
kidney cDNA library. A restriction map of the largest ^hyj-oid receptor protems, i.e., hybrid proteins hav- 

clone (phRARl) is shown in FIG. lA. Nucleotide se- 25 DNA-binding domain of a thyroid receptor 

quence analysis reveals a long open reading frame of ^^^^^^^^ ^ constructed by substituting the GRE on 
462 amino acids beginmng with a presumptive initiator ^^^^ GM-CAT with a thyroid hormone responsive 
methiomne codon c^rrespondmg to nucleotides transcription element. For example, the growth hor- 
103-105 as shown m FIG. IB- 1. The sequence sir> ^one promoter can be functionally linked to the bacte- 
roundmgtlusATGagree^wi^ 30 ^.^^^ ^^^^ ^^^^^^ ^^^^^^^^ 

by Kozak (198^ for a translation mitia^on site. Up- / responsive transcription element, 

stream of the ATG is an m-frame terminator providing , ^ i -j v j* i.i--J 

support for the initiator methionme. Another methio^ ^/^P^^f^ P^^f*.^ ^ ^.^^uu ^7^""^ 

niie found 30 codons downstream fails to conform to ^^^^^ '^f^'^' protems. See the subheading: ;^Con. 

the consensus and is an unlikely initiator. Following the 35 strucuon of Reporter and Expression m this 

terminator codon at position 1489-1491 is a S'-untran- specification (Smce mmeralocorticoid receptors^ ca^ 

slated region with alconsensus polyadenylation signal ^^^^X^^^ ^ r«P«>f «^ P^!««"^ such as GM-CAT 

(AATAAA) found 20 nucleotides upstream of a poly- ^ "^^^ ^ assay hybrid mmeralocorticoid receptor 

lated tract (see Proudfoot, et al., 1976). protems.) . . 

A polypeptide of relative molecular mass 50,772 d (51 40 Retummg to the functional hgand identification as- 

. Kd) is encoded within the translational open reading say, the transfected cells were then systematically chal- 

frame. Tlie size of the protein encoded by the insert of longed with a battery of candidate Hgands and induction 

phRARI was verified by in vitro translation of RNA monitored by changes m CAT activity, 

(see Krieg, et al., (1984)) derived from this insert and Because of their hormonal-Hke activities, the reti- 

found to correspond to the predicted size of 54 Kd (data 45 "oi^s, including retinol {Vitamin A) and retinoic acid, 

not shown). Amino acid sequence of this protein has were evaluated as potential inducers. Remarkably, reti- 

been compared to the glucocorticoid and thyroid hor- ^oic acid elicited a dramatic increase in CAT activity of 

mone receptors. The highest degree of similarity is the hybrid receptor (HG. 2B). No effect upon CAT 

found in a cystcine-rich sequence of 66 amino acids activity was observed using the parent vector, 

beginning at residue 88. Our group has previously dem- 50 pRShRRjvjTt or the wild type gene product from 

onstrated that this region of the hGR represents the phRARI, herein referred to as human retinoic acid 

DNA-binding domain for this receptor. Sec Giguere, et receptor (hRARa). As expected, the hybrid receptor is 

al., (1987) and HoUenberg, et al., (1987). In addition, not induced by glucocorticoids, and the hGR is not 

mutagenesis and expression studies have provided di- induced by retinoic acid. 

rect evidence for its role in transcriptional activation of 55 As shown in FIG. 3A, retinoic acid exhibits an EDso 

genes harboring glucocorticoid response elements value of 6xlO-it>M on CAT activity induced by the 

(GREs). See Giguere, et al., (1987) and HoUenberg, et hybrid receptor, which is conastent with ED50 ^^ues 

al., (1987). observed for retinoic acid in a variety of biological 

assays (sec Spom and Roberts, 1984). Retinol functions 

Domdn Switching and Transcriptional Activation ^ as a weak agonist with an ED30 value greater than 100 

Since the ligand for the gene product of phRARI was nM. Rctinyl acetate and retinyl palmitate function as 

unknown, it was desirable to develop a quick and sensi- even weaker inducers. A number of natural and syn- 

tive assay to reveal its identity. Previous studies have thetic ligands including testosterone, dihydrotestostcr- 

dcmonstrated that the DNA-binding domain of the one, estrogen, dexamethasonc, Cortisol, aldosterone, 

hum^ glucocorticoid and estrogen receptors can be 65 progesterone, T3, T4, Vitamin D3 and 25-OH-choles- 

intcrchanged to yield a functional hybrid receptor. This terol failed to induce CAT activity, 

chimera recognizes the glucocorticoid responsive ele- To corroborate the identity of the phRARI gene 

mcnt of the MMTV-LTR but stimulates transcription in product as the retinoic acid receptor, the binding prop- 
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cities of the expressed product were evaluated follow- Lotan (1980); and Fuchs & Green, (1980), Although 

ing transfection of COS-1 cells. As shown in FIG. 3B, early studies focused on the effects of retinoids on epi- 

transfected cells reveal increased capacity to specifi- thelial growth and differentiation, their actions have 

cally bind ^H-retinoic acid. This increase occurs over an been shown to be more widespread than previously 
endogenous background that is a likely consequence of 5 suspected. Many recent studies demonstrate the effects 

the presence of cellular retinoid binding proteins as well of these molecules on a variety of cultured cell lines 

as a significant non-specific binding. Consistent with the including neuroblastomas (see Hausler, et aJ., (1983))» 

activation studies, the binding is fully competed by melanomas (see Lotan, et aJ., (1983)) and fibroblasts (see 

retinoic acid but only partially by retinol. Thyroid hor. Shroder et al., (1982)). In the human promyelocytic 

mpnes, dexamethasone and vitamin D3 did not compete 10 leukemia cells (HL-60), retinoic acid is a potent inducer 

the binding of retinoic acid. of granulocyte differentiation (see Breitman, et al., 

A Gene Family (1980)). In F9 teracarcinoma stem cells, retinoic acid 

^ will induce the differentiation of parietal endoderm, 

To determine if the new rethaoic acid gene was characteristicof a late mouse blastocyst (see Strickland 

unique and to identify potentially related genes, human 15 & Mahdavi, (1978); Jetten et al., (1979); and Wang et aL, 

DNA was examined by Southern blot analysis. Hybridi- (1985)). Retinoic acid has been shown to exert equally 

zation of restriction cndonuclease-digested human potent effects in development. For example, in the de- 

DNA with a labeled DNA fragment derived from the veloping chick limb bud, retinoic acid is able to substi- 

coding region of the hRR gene produced three bands m tute for the action of the polarizing region in establish- 

cvery digestion consistent with a single hybridizing 20 ing the anterior-posterior axis (see Tickle & Eicbele, 

genetic locus (FIG. 4A). This hybridization pattern is (1985)). By controlling the exposure to retinoic acid, it 

unrelated to the restriction endonuclease map described is possible to generate novel patterns of limb structures, 

by Dejean etal. (1986) for the HBV pre-integration site. Although retinoic acid is primarily considered a mor- 

However, when the hybridization conditions were re- phogen. Northern blot analysis suggests a re-evaluation 

laxed, six additional bands were observed in the prod- 25 of its function in the adult. In humans, retinol deficiency 

nets of each enzyme digestion (FIG. 4B). These obser- has been linked to an alarming increase in a variety of 

vations suggested that there were at least one additional cancers (see Moon & Itri, (1984)). Retinoids have also 

locus, and possibly more, in the human genome related been shown to inhibit tumor progression in animals and 

to the retinoic acid receptor. The RARj3 has now been block the action of tumor promoters in vitro. In this 

found. See Brand, et al, (1988). 30 context, the hRR may be considered as a negative regu- 

Expression of the hRR Gene oncogenesis. 

Since retinoic acid is known to exert effects on a large ^ Superfamiiy of Regulatory Genes 

number of different cell types, we examined the expres- Two surprising results have emerged from the studies 

sion of the hRR gene. Total cytoplasmic RNAs isolated 35 presented here. The first is the discovery of a family of 

from a variety of rat and human tissues were size frac- retinoic acid receptor-related genes whicl^ predicts the 

tionated and transferred to a nitrocellulose filter. Hy- existence of one or more other protems with closely 

bridization with a 600-bp restriction fragment from related properties (e.g., the RARyS described by Brand 

phRARl reveals a major RNA species of 3,200 jiucleo- et al„ (1988)). Physiological studies demonstrate that 

tides with highest levels in the hippocampus, adrenals, 40 both retinoic acid as well as retinol (vitamin A) can 

cerebellum, hypothalamus and testis (FIG. 5). Longer exert potent effects on cellular differentiation and that 

exposure shows that most tissues contain a small amount these effects are often not linked. It thus seems likely 

of the 3.2 kb transcript while it is undetectable in some that at least one related gene product might be a specific 

tissues such as liver. retinol receptor 6t a receptor for another member of the 

Retinoic Acid Receptor Data Summary ^""^'^ ^T^^' second surprising observation from 

F mi«ai y ^^^^ ^^^^^^ ^ ^^^^^ kmsMp of the retinoid receptor 

The data disclosed herein identify the gene product with the thyroid hormone receptor. (As we show be- 

of phRARl as a human retinoic acid receptor based on low, the retinoic acid receptor can activate a thyroid 

three criteria. First, the overall structural homology of response dement or TRE; see the section of the specifi- 

the hRR to steroid and thyroid hormone receptors 50 cation labeled "Retinoic Add and Thyroid Hormone 

(FIG. 6) suggests that it is likely to be a ligand-respon- Induce Gene Expression Through a Common Response 

sive regulatory protein. Second, an expressed chimeric Element".) This relationship is surprising in part be- 

receptor, consisting of the DNA-binding domain of the cause of the structural dissimilarity of the thyroid hor- 

hGR and the presumptive ligand-binding domain of the mones and the retinoids. Thyroid hormones being de- 

hRR acts as a transcriptional regulator of a glucocor- 55 rived from the condensation of two tyrosme molecules 

ticoid-inducible reporter gene only in the presence of whereas, the retinoids are derived from mevalonic add. 

retinoic add. This induction occurs at physiological The oteervation that chemically distinct molecules 

levels. Third, expression of the candidate hRR in trans- interact with receptors sharing common structures most 

fected cells selectively increases the capacity of those likely reflects a common mode of action with which 

cells to bmd retinoic acid. 60 they elicit their particular regulatory effects. Based on 

Development and Oncogenesis tMs analogy, w^^ 

retmoids with their mtracellular receptors mduces a 
The retinoids comprise a group of compounds includ- cascade of regulatory events that results from the acti- 
ing retinoic acid, retinol (vitamin A) and a series of vationofspecific sets ofgenes by the hormone/receptor 
natural and synthetic derivatives that together exert 65 complex. Although anhnals employ diverse means to 
profound effects on development and differentiation in control their development and physiology, the demon- 
a wide variety of systems. See Spom & Roberts, (1983); stration that the retinoic acid receptor is part of the 
Mandel & Cohen, (1985); Wolback & Howe, (1925); steroid receptor superfamiiy suggests that mechanisms 
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controlling morphogenesis and homeostasis may . 

more universal than previously suspected. Cis/Trans Functional Ligand Identification A.ssay 

Construction and Characterization of Chimeric , ^^'^''^^ functoal ligand identification cotrans- 
Receptors fection assay was used to study chmieric receptors con- 
^ 5 structed by swapping domains between the glucocorti- 
Construction of chimeric receptor genes is discussed clod, the thyroid and the retinoic acid receptors. (As 
above in the sections of the specification labeled "Defi- those skilled in the art will appreciate, the cisArans 
nitions"» "Summary of the Invention" and "Domain cotransfection assay can be used to study chimeric re- 
Switching and Transcriptional Activation". In the sec- ceptors made by swapping functional between any of 
tions that follow, construction and characterization of 10 the wild-type or genetically engineered receptors.) In 
the chimeric receptors is illustrated by showing con- the cis/trans assay, preferably two plasmids arc trans- 
stniction and characterization of GR/TR hybrids. fected into a receptor deficient cell line. The first plas- 

Materials and Methods Cell Culture and Transfection Zt "^T' l!^^^!' 

wdd-type, chmienc or genetically engineered). The 
CV-l cells were used as the receptor-deficient host 15 second plasmid is used to monitor transcription from a 
cells that were transfected with expression plasmids that ligand or honnone responsive promoter. For tht thy- 
carry the chimeric RR/TR receptors, and reporter roid hormone receptor assay, the expression plasmid 
plasmids carrying the CAT reporter gene. Conditions consistsof the Rous Sarcoma Virus long terminal repeat 
for growth and transfection of CV-1 (African Green (RSV-LTR) directing the expression of a cDNAcncod- 
monkey kidney) cells were as previously described 20 ing a thyroid honnone receptor. For the hGR, the re- 
(Giguere et al. (1986)), except that the calcium phos- porter plasmid is the mouse manrunary tumor virus long 
phate precipitate was left on the cells for 4-8 hours, at terminal repeat (MTV-LTR) fused to the bacterial chlo- 
which time the media was changed to DMEM with 5% ramphenicol acetyltransferase (CAT) gene. To convert 
T3 free bovine serum (Scantibodies) minus or plus 10-*^ MTV-CAT to a thyroid hormone responsive reporter 
M T3 (Sigma). Cells were harvested 36 hours after the 25 an oligonucleotide containing a thyroid honnone re- 
addition of T3, and CAT assays were performed as spouse element (TRE) was inserted at position —191 of 
described by Gorman et al. (1982). Typically, 5 the MTV-LTR. This sequence, -169 to -200 of the 

reporter and 1 jug expression vector were cotransfected, rat growth hormone (rGH) gene, specifically binds 
along with 2.5 ftg RSV-^gal as a control for transfec- thyroid hormone receptors and can confer T3 rcspon- 
tion efficiency. Acetylated and non-acetylated forms of 30 siveness to a heterologous promoter (Glass et al. 
[l*C]chloramphenicol were separated by thin layer (1987)). Expression and reporter plasmids were cotrans- 
chromatography, excised, and quantitated by liquid fected into CV-1 cells and CAT activity was measured 
scintillation counting in Econofluor (EhiPont) with 5% in the absence and presence of T3. The assays showed 
DMSO. iS-galactosidase assays were performed as de- that neither the alpha nor the beta thyroid hormone 
scribed by Herbomel et al. (1984). CAT activity is ex- 35 receptor activates transcription from MTV-CAT, in the 
pressed as percent conversion divided by /3~galactosi- absence or presence of T3. (Data not shown.) However, 
dase activity. the addition of a TRE produces an MTV promoter that 

Constmction of Reporter and Expression Plasmids L^Kl^Tr 'T^'^l^^^ Induction of CAT activ. 

^ ^ ity IS dependent on the cotransfection of a functional 

Synthetic oligonucleotides corresponding to - 169 to 40 alpha or beta thyroid hormone receptor and tiie addi- 
-200 of the rat growth hormone gene was inserted into tion of T3. In the presence of T3, the alpha realtor 
a linker scanning mutant of MTV- CAT that has a Hin- (rTRa) induces CAT activity approximately 15-fold, 
dlll site at position -190/- 181 (Buetti and Kuhnel while the beta receptor (hTR^) induces activity by 
(1986)). Expression vectors were constructed for the about 5-fold. 

thyroid hormone receptors by inserting the full-length 45 The hybrid thyroid hormone/glucocorticoid recep- 
cDNAs of pheA12 (hTRjS, see Weinberger, et al. tors were constructed to compare the functional prop- 
(1986)) and rbeA12 (rTRa, see Thompson, et al. (1987)) crtics of the thyroid and glucocorticoid hormone recep- 
betwecn the Kpnl and BamHI sites of the pRS vector tors. To facilitate the construction of the chimeric hy- 
(Giguere, et al. (1986) and (1987)). brid receptors, unique sites for the restriction enzymes 

Construction of Chimeric Receptors ^ ^^Ilff ^1^^^ 

^ domams of hGR and hTR)S, These mutant receptors. 

The construction of hGRA^arhas been described (Gi- termed hGRjvy and hTRjSivjr, can be used to create 

gucre, et al. (1987). To construct hTR$j^x* the cDNA hybrids with all possible combinations of amino termini, 

insert of pheAI2 (hlKfi, see, Weinberger, et ai. ( 1 985) DNA-bindmg domains, and ligand-binding domains for 

and (1986)) was subcloned between the Kpnl and 55 these receptors. (As those skilled in the art wiU appreci- 

BamHI sites of M13mpl9 and mutagenized by the ate. comparable plasmids, such as pRARaj\^;r or 

method of Kunkel (1985), The oligonucleotide used to pMRAx for example, can be used to create chimeric 

create the NotI site changed three amino acids: Asp97 receptors consisting of all possible combinations of all 

to Arg. Lys98 to Pro, Asp99 to Pro. The oligonucleo-" functional domains from the various receptors in the 

tide used to create the Xhol site changed two amino 60 steroid hormone receptor supcrfamily. The lecqptors 

acids: Thrl71 to Leu, Aspl72 to Gly. The mutant re- and the locations of the various functional domams ar« 

ceptor cDNA was then transferred to the expression shown in FIG. »-l.) The hybrid and parental receptors 

vector pRS (Giguere, et al. (1986) and (1987)); hybrids were assayed using botii thyroid hormone and glluco- 

were constructed by exchangmg KpnI-NotI, Kpnl- corticoid responsive promoters, in the absence or pres- 

Xhol, or Notl-Xhol restriction fragments between 65 ence of T3 or the synthetic glucocorticoid dexamctha- 

RShGRivxand RShTR^jvjei RShGRA^has about 75% sone. 

of wild-type DNA-bindmg activity, and RShTR^iVx The structures and activities of the hybrid thyroid A 

has about 60% of wild-type DNA-binding activity. glucocorticoid receptors are shown m FIG. 9. The 
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receptors are divided into three sections, and hybrids sponse to the synthetic glucocorticoid dexamethasone. 
are named by letters referring to the "origin" of the These results cleariy demons^ate that the induction of 
domain; for example, "T-G-T" has the amino and car- CAT activity by RARa is conferred by the TRE be- 
boxyl termini ofhTK/3 (T-, -T) and the DNA binding cause the wild-type MTV-LTR construct was not re- 
domain of the hGR (-G-). Hybrids with a putative 5 sponsive, (Data not shown.) These results also show 
hTKfi DNA binding domain (TTG, GTT, GTG) acti- that the hRARct can specifically induce gene expression 
vated transcription from TRE- CAT, while hybrids from a promoter containing a TRE, 
with an hGR DNA binding domain (GGT, TGG, 

TGT) activated transcription from GRE. CAT. This Chimeric Receptors 

demonstrates that this region of hTR^ is analogous to 10 As discussed above, the modular structure of steroid 

the hGR DNA binding domain and is responsible for hormone receptors makes it possible to exchange func- 

promoter recognition. Hybrid receptors with an hTR^ tional domains from one receptor to another to create 

carboxy] terminus were activated by T3, while those functional chimeric receptors. This strategy was used to 

with an hGR carboxyl terminus were activated by dexa- create hGR/hRARa chimera that had the RAR DNA- 

methasone. This is consistent with the identification of 15 binding domain and the GR ligand-binding domain, 

the carboxyl terminus as the part of the receptor that is When CV-1 cells were cotransfected with the expres- 

responsible for hormone binding and activation speci- sion plasmid encoding hGRG and the reporter AMTV- 

ficity. Taken together, the functional properties of these TREgh-CAT, dexamethasone specifically elicited 

hybrids support the assignment of the DNA- and li- CAT activity, (Data not shown.) Tlxis experiment pro- 

gand-binding domains of hTRjS. 20 vided direct evidence that the DNA-bmding domain of 

Retinoic Acid and Thyroid Hormone Induce Gene Sv^^"" detennined the specificity of target gene 

Expression Through a Common Responsive Element ' ^* 

Identification of a functional retinoic acid responsive DETAILED DESCRIPTION OF THE 

element (RARE) is crucial to our understanding of the 25 DRAWINGS 

mechanisms by which retinoic acid receptors activate FIG. 1. DNA and primary amino acid sequence of 

gene expression and regulate cell differentiation. One phRARl. A, Schematic representation and restriction 

impediment to such a study is the absence of any identi- enzyme map of the phRARl clone. The stippled box 

fied gene whose transcription is directly dependent on represents the predicted open reading frame. B, (shown 

the retinoic acid receptor-hormone complex. An alter- 30 as B-1, B-2 and B-3) The complete nucleotide sequence 

native approach to localize a RARE is to systematically of phRARl is shown with the amino acid sequence 

challenge the inducibility of known hormonally respon- given above the long open reading frame. An upstream 

sive promoters with retinoic acid receptor produced m-frame stop codon at nucleotides 85-87 and polyade- 

from cloned cDNA. (As discussed above under the nylation signal are underlined, 

heading "The Cis/Trans Assay", in this system, tran- 35 FIG. 1 Methods. A 63-mer oligonucleotide corre- 

scriptional activation from a promoter containing a sponding to nucleotides 408-477 of the genomic se- 

HRE is dependent on expression of functional receptor quence published by Dejean et al. (1986) was used as a 

from cotransfected expression plasmids in receptorless hybridization probe to screen a human testis XgtlO li- 

cells such as CV-L) Because the DNA-binding domains brary. The hybridization mixture contamed 15% forin- 

of the retinoic acid and thyroid hormone receptors are 40 amide, 1 x Denhardt's, 5x SSPE, 0.1% sodium dode- 

highly related (61% identical in their amino acid se- cyl sulfate (SDS), 100 fig ml- ^ denaturated salmon 

quences, see FIG. 6), the possibility that the retinoic sperm DNA and lO^cp-m^ml-iof ^^P-labeledoIigonu- 

acid receptor could activate gene expression through a cleotide. Duplicate nitrocellulose filters were hybrid- 

TRE was investigated. ized at 42* C. for 16 h, washed three times for 20 min 

TRE's are known^ see, for example^ Glass, et al., 45 each in 2 X SSC,0.1% SDS (lxSSC=150 mM NaCl, 

(1987; for a discussion of a cis-acting element in the rat 15 mM sodium citrate) at 55* C. and autoradiographed 

growth hormone 5' flanking genomic sequence that is at —70" C. with an intensifying screen. ClonelhTlR 

necessary for thyroid hormone (3,5,3'-triiodo^L-thyro- obtained from this screening was partially characterized 

nine, T3) regulation. and then used as a hybridizing probe to screen a human 

To test if a TRE could effectively function as a 50 kidney XgtlO cDNA library (see Bell, etal., (1986)). For 

RARE, a novel T3 responsive promoter was con- this screening, the washing conditions were modified to 

structed by replacing the glucocorticoid responsive IxSSC with 0.1% SDS at 68* C. Several cDNA clones 

elements present in the mouse Mammary Tumour were isolated and the longest clone, phRARl, was di- 

Virus-Long Terminal Repeat (MTV-LTR) with an gested with a number of restriction enzymes and the 

oligonucleotide encoding the natural TREg^. This 55 resulting fragments were subcloned in both orientations 

promoter was then fused to the bacterial chlorampheni- into the M13 sequencing vectors mpl8 and mpl9 and 

col acetyl transferase (CAT) gene to generate the re- sequenced by the dideoxy procedure (see Sanger, et al., 

porter plasmid AMTV-TREc/^-CAT. After transient (1977)). DNA sequences were compiled and analyzed 

transfection into CV-1 cells, the inducibility of the pro- by the programs of Devereux et aL (1984) and Stadcn 

moter was determined by measuring CAT activity. 60 (1982). 

When CV.I cells are cotransfectd with the expression FIG. 2. A, Construction of the chimeric receptor 

vector containing a human thyroid hormone receptor hRGR. The domain-structure of the various construc- 

beta (pRShTsR/J) and the reporter plasmid AMTV- tions are shown schematically, the numbers correspond 

TREcff-CAT, induction in CAT activity is observed in to the amino acid positions of each domain. The DNA- 

the presence of T3. In contrast, cotransfection of an 65 binding domains are represented by "DNA" and the 

expression vector encoding the human glucocorticoid ligand-bindmg domains by their respective inducers, 

receptor (pRShGRa) and the same reporter plasmid did The Notl and Xhol sites created by site-directed muta- 

not stimulate CAT activity from this promoter in re- genesis to permit the exchange of the DNA-binding 
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domains between receptors are indicated. B, Induction with 10 /xg/dish of a control plasmid (pRS) or pRS!tiRR 

of CAT activity by retinoic acid: The expression vec- by the DEAE-Dextran method (see Deans, et al., 

tors were cotransfected into CV-I cells with the re- (1984)). Cells were maintained for 2 days in DMEM 

porter plasmid MTVCAT and cultured for 2 days in with 5% charcoal-treated fetal calf serum, then har- 

absence or presence of 100 nM dexamethasone (DEX) 5 vested in TNE (40 mM tris-HQ pH 7.5, 150 mM NaCl, 

or retinoic acid (RA), The receptor inserted into the 1 mM EDTA) and lyscd by Bounce homogenization in 

expression vectors are: pRShGR, human glucocorti- hypotonic buffer (50 mM tris-HCl pH 7.4, 0.1 mM 

coid receptor, pRShRR, human retinoic acid receptor; EDTA, 5 mM dithiothreitol, 10 mM NaMo04, 10% 

pRShRRrcct mutated human retinoic acid receptor with glycerol, 0.5 mM phenylmethylsulfonyi fluoride) and 

Notl and Xhol sites; pRShRGR, chimeric receptor 10 centrifuged at 100,000 Xg for 30 mins to yield the cyto- 

composed of the human retinoic acid receptor which sol fraction. Incubations were performed in hypotonic 

DNA-binding domain has been replaced by the human buffer with 150 jig of protein from the cytosolic frac- 

glucocorticoid receptor DNA-binding domain. tion and 2X 10-8 M ^H-retinoic acid (NEN, 52.5 Ci/m- 

FIG. 2 Methods. A, Restriction enzyme fragments of mole) in a total volume of 200 jih Specific binding was 

the cDNA inserts of phRARI and hGR (see HoUen- 15 measured by the addition of 2x10-5 M of competitors, 

berg, et al., (1985) were subcloned into the Kpnl and Reactions were carried out at 4* C. for 16 h. Bound 

BamHl sites of the mpl9 vector and mutagenized ac- ^jj-retinoic acid was quantitated using DE-81 filters, 

cording to the method of Kunkel (1985). The oligonu- Reactions were placed on filters for I min and then 

cleotides used for the creation of the Notl site within rinsed with 5 ml of washing buffer (50 mM tris-HCl pH 

hGR and hRR were 28 and 31 nucleotides respectively, 20 7.4, 0.1 mM EDTA, 0,1 % Triton X-100), Filters were 

while the oligonucleotides used for the creation of the dried and counted by liquid scintillation spectropho- 

Xhol site withm hGR and hRR were 24 and 23 nucleo- tometry. 

tides. The creation of the Notl site resulted in the muta- FIG. 4. Southern blot analysis of human genomic 
tion of Pro4i6 to an Arg residue in hGRA^jr, and in the DNA. A, Human placenta DNA was digested with the 
mutation of Ile84 and Tyrgs to Pro residues in hRR^. 25 indicated restriction enzymes. After separation of the 
The introduction of the Xhol site did not alter the digested DNA in a 0.8% agarose gel (10 ^g/lane) and 
hGRAT amino acid sequence but resulted in the muta- transfer to nitrocellulose filters (see Southern, (1975). 
tion of Lysi55 to a Leu residue in hRR;vx The mutant the blots were hybridized with an EcoRl X PvuII frag- 
receptors were then transferred to the expression vector ment from phRARl (-^600 bp) encompassing the DNA- 
pRS (see Giguere. et al., (1986), and the Notl/Xhol 30 binding domain of Ae hRR under high stringency con- 
restriction fragment of pRShGROTContaining the hGR ditions (50% formamide, 5XSSPE, IxDcnhardt's, 
DNA-binding domain was introduced into pRShRnx 0.1% SDS, 100 ^g ml~^ salmon sperm DNA). The 
between the Notl and Xhol sites to create pRShRGR. fdter was washed in O.lxSSC, 0.1% SDS at 65* C. 
B, Cell transfection and CAT assay. The recombinant Lambda Hindlll DNA markers (size in Kb) are aligned 
DNA constructs (5 ^g each) were introduced into 35 to left of the autoradiogram. B, Analysis of human pla- 
CV-1 cells by calcium phosphate coprecipitation (see centa DNA using the same probe as in A under non- 
Wigler. et al., (1979)). The cells were then cultured for stringent conditions. A parallel blot containing identical 
two days in serum free media supplemented with Nu- samples was hybridized as in A, except that 35% form- 
tridoma (Boehringer Mannheim) in presence or absence amide was used. The filter was washed in 2 X SSC, 0. 1 % 
of inducers, CV-1 cells were then prepared for CAT 40 SDS at 55° C. 

assays as described by Gorman, et al. (1982) and the FIG. 5. Northern blot analysis of retinoic acid reccp- 

assays performed for 3 h using 25 ftg of protein extract. tor mRNA in rat and human tissues. 

All experiments with retinol were conducted in sub- FIG. 5 Methods. Total RNA was isolated from vari- 

dued light. ous tissues using guanidine thyocyanate (see Chir^pvin, 

FIG, 3. A, Dose-response to retinoids. CV-1 cells 45 et al., (1980), separated on 1% agarosc-formaldehyde 

cotransfected with pRShRGR and pMTVCAT were gel, transferred to nitrocellulose, and hybridized xmder 

treated with increasing concentrations of retinoids or a stringent conditions using the probe described in FIG. 

single 1 fxM dose (*) of testosterone, dihydrotestoster- 4. Twenty >tg of total RNA was used in all lanes, W[igra- 

one, estrogen, Cortisol, aldosterone, progesterone, triio- tion of ribosomal RNA's (28S and 18S) are indicated for 

dothyronine (T3), thyroxine (T4), dihydroxy-vitamin 50 size markers. The nitrocellulose filter was autoiadio- 

D3 (VD3) and 25*OH-choIesterol. The levels of CAT graphed at —70' C. with an intensifying screen for 1 

activity were plotted as percentages of the maximal week. 

response observed in this experiment. B, Retmoic acid FIG. 6. Schematic amino acid comparisons of the 
binding to cytosol extracts of transfected COS-1 cells. hGR, hRR and hTsR^ structures. Amino acid sequen- 
Bars represent bound ^H-retinoic acid determined in 55 ces have been aligned schematically with the percent- 
absence (black bars) or presence (stippled bars) of a age ammo acid identity for each region of homology in 
1000-fold excess of various competitors. The values the intervals between dotted lines, 
represent the mean of quadruplicate determinations. FIG. 7 is a schematic diagram of a generalizeti ste- 
Competitors are retinoic acid (RA), retinol (R), T4. roid \ thyroid \ retinoic acid receptor gene, showing 
dcxamethasone (DEX) and vitamin D3 (VD3). 60 the division of the gene into regions A/B, C, D, aiad E. 

FIG. 3 Methods. A, CV-1 cell cotransfections and The function of the A/B region is just beginning to be 

CAT assays were performed as described in FIG. 2. elucidated; the C region encodes the DNA-binding 

Retinoic acid was dissolved in a mimmum volume of domain; the D region is believed to be a hinge region; 

dimethyl sulfoxide and diluted in cthanol. All other and the E region encodes the ligand-binding domain, 

products were diluted in ethanol and control cultures 65 FIG. 8 (1 and 2) is a schematic drawing that shows 

received 0.1% solvent (v/v) in media. Dose-response amino acid comparison of members of the steroid hor- 

curves of retinoid treatment were performed in tripli- mone receptor superfamily. Primary amino acid sequen- 

cate. B, Subconfiuent COS-1 cells were transfected ces have been aBgned on the basis of regions of maxi- 
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mum amino acid similarity, with the percentage amino 
add identity indicated for each region in relation to the 
hGR (Miller et al., (1985). Dommns shown are: a do- 
main at the NH2-tennina] end that is required for "maxi- 
mum activity"; the 66- to 68-amino acid DNA-binding 
domain core ("DNA"); and the 250-amino acid ligand- 
binding (or hormone-binding domain) ("Hormone"). 
The amino acid position of each domain boundary is 
shown. Amino acid numbers for all receptors represent 
the huihan forms with the exception of v-erb*A and £75 
(Siegraves, 1988). Functional assignments have been 
determined by characterization of the glucocorticoid 
and estrogen receptors. Designations are as follows: 
GR, glucocorticoid receptor; MR mineralocorticoid 
receptor; PR, progesterone receptor; ER, estrogen re- 
ceptor ERRl or ERR2, estrogen-related 1 or 2; VDR, 
vitamin D3 receptor HRE hormone response element; 
and TsR^ and TsRa, thyroid hormone receptors. The 
(+) or (— ) indicates whether a particular property has 
been demonstrated for the products of cloned receptor 
cDNA or with purified receptor. This relates to 
whether the binding site has been identified structurally 
and whether its enhancement properties have been 
demonstrated by gene transfer studies. For PR, DNA- 
binding properties have been shown only with the na- 
tive purified receptor. "Hormone binding in vitro" indi- 
cates whether this property has been demonstrated by 
translation in a rabbit reticulocyte lysate system (Hol- 
lenberg et aL, 1985). "Hormone binding in vivo" refers 
to expression of the cloned receptor in transfected cells. 
"CSiromosome" indicates the human chromosome loca- 
tion. Species are as follows: h, human; r, rat; m, mouse; 
c, chicken; and d, Drosophilia. 

FIG. 9. Structure and activity of chimeric thyroid/- 35 
glucocorticoid receptors. 

FIG. 9 Methods. To construct hybrid receptors, 
unique NotI and Xhol sites were inserted flanking the 
DNA binding domains of the hGR and hTR^. Hybrids 
were created by exchanging the appropriate segments 4^ 
of the receptor cDNA's. "DNA" indicates the DNA 
binding domain; "T3/T4" and "Cortisol" indicate the 
ligand binding dom^ns of hTR^ and hGR respectively. 
The numbers above the boxes indicate amino acid resi- 
dues. Hybrids are named by letters referring to the 45 
origin of the domain; for example. "TGT" has the 
amino and carboxyl termini of hTR0 and the DNA 
binding domain of the hGR. All receptors were assayed 
on TRE-M CAT and GRE-M CAT in the absence and 
presence of T3 and the synthetic glucocorticoid dexa- 
methasone ("dex"). All of the combinations shown gave 
activation above background. 
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